SOD protein levels were also significantly lower than the control group at 90 and 180 d recovery. There was prominent EC-SOD immunostaining mainly in the plasma and alveolar macrophages and strong Mn-SOD staining in alveolar macrophages and interstitial cells of the proximal and distal portions of the alveolar duct following crystalline silica exposure. There was less CuZn-SOD staining in epithelial cells at terminal bronchioles in the crystalline silica-exposed group. These findings suggest that these SOD isozymes may be related to lung injury induced by crystalline silica. (J Occup Health 2007; 49: 242-248) 
Damage of bronchial and alveolar epithelial cells can also initiate local inflammation responses and play a role in the pathogenesis of lung diseases which include pneumoconiosis, idiopathic pulmonary fibrosis, adult respiratory distress syndrome (ARDS) and lung cancer 1, 2) . These lung injuries may occur when there is an imbalance between reactive oxygen species (ROS) and antioxidant enzymes. Superoxide dismutases (SODs) are thought to be one of the first lines of antioxidant defense and are highly efficient in protecting cells and tissues against oxidative stress by catalyzing the dismutation of superoxide radicals to form hydrogen peroxide and molecular oxygen. In eukaryotes, three different types of SODs and their distribution have been characterized. Of these, extracellular superoxide dismutase (EC-SOD) was found in the bronchial alveolar lavage fluid (BALF) 3) . There are 3 kinds of isozymes: extracellular superoxide dismutase (EC-SOD), manganese-containing superoxide dismutase (Mn-SOD) and copper-and zinccontaining superoxide dismutase (CuZn-SOD). To examine the expression of SOD isozymes in lungs injured by crystalline silica, we intratracheally instilled male Wistar rats with 2 mg (8 mg/kg) of crystalline silica and investigated the mRNA, protein level and distribution of SOD isozymes in the rat lungs using RT-PCR, western blot analysis and immunostaining, respectively at from 3 d to 180 d of recovery following the exposure. EC-SOD mRNA levels significantly increased from 3 d to 90 d and the EC-SOD protein level was significantly higher after 90 and 180 d recovery in the crystalline silica exposed groups than in the control groups. Mn-SOD increased in silica treated rat lungs at both mRNA and protein levels, peaking at 30 d post-exposure. CuZn-SOD mRNA levels were decreased at 3, 7 and 30 d, and CuZn-
Abstract: Differential Expression of EC-SOD, Mn-SOD and CuZn-SOD in Rat Lung Exposed to
In the extracellular spaces, there are many potential sources of superoxide anion (O 2-) and nitric oxide (NO) that are potent oxidants capable of pulmonary damage 4) . To our knowledge, EC-SOD is the only enzyme which scavenges ROS in extracellular spaces, and it is thought to modulate NO activity. The other two intracellular SODs are cytosolic, dimeric copper-and zinc-containing superoxide dismutase (CuZn-SOD), and a mitochondrial, tetrameric manganese containing superoxide dismutase (Mn-SOD) inside the cells. Aljandali et al. 5) reported that apoptosis of the bronchial and alveolar epithelial cells may cause pulmonary fibrosis through the generation of ROS. Therefore, it is thought that SODs play key roles in protecting against lung injury from ROS inside and outside the cells. In order to explore whether SODs are associated with host defense in the extracellular spaces as well as in the intracellular spaces during pulmonary fibrosis, we examined the expression of 3 kinds of SOD isozymes in a pulmonary fibrosis model using rats exposed to crystalline silica.
Materials and Methods

Reagents
The crystalline silica (SiO 2 ) used in the present study was Min-U-Sil 5 silica (Berkeley Springs, WV, USA). The geometric diameter and standard deviation of the crystalline silica were 1.8 and 2.0 µm, respectively. Ninety seven percent of all particles had a diameter of less than 5 µm. The purity of SiO 2 was 98.3% in all chemical components.
Antibodies
Rabbit anti-mouse EC-SOD IgG was generously provided by Dr. Ohkawara, National Defense Medical College (Saitama, Japan). Goat anti-human Mn-SOD IgG and goat anti-human CuZn-SOD IgG were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Peroxidase-conjugated sheep anti-rabbit IgG and anti-goat IgG were purchased from Amersham Biosciences Inc. (Piscataway, NJ).
Animals
Male Wistar rats were purchased from Kyudo at 9 wk of age (Kumamoto, Japan). Either saline or a crystalline silica suspension (1 mg (4 mg/kg ) or 2 mg (8 mg/kg )/ 0.4 ml) was administered to the rat intratracheally. Each group comprised 25 rats. Five rats from each group were sacrificed at 3, 7, 30, 90, and 180 d, respectively. At each time point, the rats were anesthetized with intraperitoneal pentobarbital injections. The right lung was removed and used for extraction of RNA and protein.
The left lung was inflated by intratracheal instillation of 4% paraformaldehyde for immunohistochemistry. All procedures and animal handling were done according to the guidelines described in the Japanese Guide for the Care and Use of Laboratory Animals as approved by the Animal Care and Use Committee, University of Occupational and Environmental Health, Japan.
Preparation of RNA, cDNA synthesis, and polymerase chain reaction
Total RNA from the lung was prepared in the presence of guanidium thiocyanate 6) . Single-strand cDNA was synthesized with Moloney murine leukemia virus-derived reverse transcriptase (Amersham Biosciences Inc.) using 500 ng of total RNA. PCR amplification was performed for rat EC-SOD, Mn-SOD, and CuZn-SOD, with the f o l l o w i n g p r i m e r s : 5 ' -GGGGGACTTCGGCAACTTCGTG-3' and 5'-GGAACATCTGGGGCTCGTGGAC-3' for EC-SOD; and 5'-TCAATCCCCAGCAGTGGAATAAGGC-3' and 5'-TCAATCCCCAGCAGCAGTGGAATAAGGC-3' for M n -S O D ; a n d 5 ' -TTCGAGCAGAAGGCAAGCGGTGAA-3' and 5'-AATCCCAATCACACCACAAGCCAA-3' for CuZn-SOD. Amplification was initiated by denaturation at 94°C for 1 min, followed by amplification at 94°C for 45 s, 60°C for 45 s and 72°C for 2 min using a Thermocycler (Astech, Fukuoka, Japan). Beta-actin was co-amplified as the internal standard. The cycle numbers for each gene allowed quantification without saturation as described previously 7) . The relative amounts of mRNA were determined using National Institutes of Health Image 1.56 software (written by W. Rasband, NIH, Bethesda, MD). The ratio of the specific gene product to β-actin product was used for semiquantitative analysis.
Western blot
Lung tissue was homogenized in an ice-cold lysis buffer (10 mM Tris HCl, pH 7.4, 0.5% Triton X-100, 0.5% SDS) and proteinase inhibitor cocktail tablets (Roche Diagnostics GmbH, Mannheim, Germany) were added. The lung homogenate was centrifuged at 27,000 × g for 30 min. The total protein concentration of each supernatant was determined using protein assay (Bio-Rad, Hercules, CA) with bovine serum albumin (BSA) as the standard. Thirty micrograms of lung homogenate protein were subjected to SDS-PAGE under reducing conditions using a Mini protean 3 Electrophoresis system (Bio-Rad Laboratories, Hercules, CA). The samples were electrophoretically transferred to a polyvinylidene difloride membrane (Amersham Biosciences, Inc.). Membranes were then blocked with blocking buffer (10% non-fat dry milk, 10 mM Tris pH 7.5, 100 mM NaCl, 0.1% Tween 20) for 1 h, and incubated overnight with anti-mouse EC-SOD IgG, anti-human Cu-Zn SOD, or anti-human Mn-SOD in 10 mM Tris pH 7.5, 100 mM NaCl, 0.1% Tween 20 (dilution 1/1,000). After three washings with washing buffer (10 mM Tris pH 7.5, 100 mM NaCl, 0.1% Tween 20), membranes were incubated with peroxidase-conjugated sheep anti-rabbit IgG or anti-goat IgG (dilution 1/5,000) for 1 h. They were then washed three times, and the proteins were finally visualized using an enhanced chemiluminescence system (Amersham Biosciences, Inc.). The protein expression levels of SOD isozymes were analyzed with NIH Image computer software.
Immunohistochemistry
The left lung was inflated by intratracheal instillation of 4% paraformaldehyde at 25 cm H 2 O pressure. The lung and trachea were resected from the surrounding tissue and allowed to stand at 4°C for 24 h. The tissue was dehydrated by immersion in a graded series of ethanol washes of one hour each, then maintained in 100% ethanol at 4°C. The lung tissue was embedded in paraffin. Immunostaining for SODs was performed using 8 µm sections with the same antibodies that were used in the western blot analysis at a dilution of 1:1000. The primary antibody was detected by the avidin-biotin-peroxidase staining method using the DAKO LSAB Kit (Dako Corporation, Carpinteria, CA). Sections were counterstained with hematoxylin.
Statistical analysis
Statistical analysis was carried out using StatView J-4.11 software (Abacus Concepts, Inc. Berkeley, CA). The data were expressed as mean ± SE where appropriate. The significance of differences between the three groups was analyzed by one-way analysis of variance (ANOVA).
Results
SODs mRNA levels in rat lungs instilled with crystalline silica
To explore the dose-dependent effects of crystalline silica in the rat lung, we examined SOD mRNA levels 3 d after intratracheal injection of crystalline silica. The level of EC-SOD mRNA was significantly higher after treatment with 2 mg of crystalline silica in comparison to the control mice (Fig. 1A) . The Mn-SOD mRNA level also increased after treatment with 2 mg of silica (Fig.  1B) . In contrast, the CuZn-SOD mRNA level was significantly lower in the 1 and 2 mg exposed groups than in the control groups with a decrease of 97% and 74%, respectively (Fig. 1C) . In the time course experiment, the mRNA of SOD isozymes was examined in rat lungs exposed to 2 mg of crystalline silica. EC-SOD mRNA was significantly increased from 3 d up to 90 d and peaked at 7 d. The increase in the level was 3.3, 5.4, 4.3 and 3.8 folds after 3, 7, 30 and 90 d, respectively (Fig. 2A) . The Mn-SOD mRNA level was significantly increased in silica treated rat lungs, peaking at 30 d (Fig.  2B) . The increase was 1.7, 1.9, and 2.4 fold after 3, 7 and 30 d, respectively. Unlike EC-SOD and Mn-SOD, the CuZn-SOD mRNA levels were decreased at 3 and 7 d after exposure to crystalline silica (Fig. 2C) .
Protein levels of SOD isozymes in rat lungs instilled with crystalline silica
In the time course experiment, exposure to crystalline silica increased protein expression of EC-SOD in rat lungs at 90 and 180 d after instillation with 1.2 and 1.4 fold changes, respectively (Fig. 3A) . Mn-SOD levels were significantly higher in the exposed groups than in the control groups at all recovery time points, peaking at 30 Fig. 1 . EC-SOD, Mn-SOD and CuZn-SOD mRNA induction in rats lungs exposed to crystalline silica. Dose effect on EC-SOD (A), Mn-SOD (B) and CuZn-SOD (C) mRNA expression in rats lungs exposed to crystalline silica at 3 days of recovery. Values represent the mean ± SE (n=5). Significance, determined by one-factor ANOVA, is expressed as follows: *: p<0.05, **: p<0.01 compared to control.
d after exposure to crystalline silica (Fig. 3B) . CuZn-SOD protein levels were 47% and 29% lower in exposed groups than in control groups at 90 and 180 d after exposure, respectively (Fig. 3C) .
Immunohistochemical staining for SOD isozymes
To determine the cellular localization of SOD isozymes in the lung, immunostaining was undertaken for the three SOD isozymes in rat lungs 30 d after exposure to 2 mg of crystalline silica. EC-SOD was seen in the alveolar macrophages and alveolar type II epithelial cells (Fig.  4A and 4B ). Mn-SOD was seen in the major alveolar type II epithelial cells, alveolar macrophages and bronchial epithelial cells at 30 d after exposure (Fig. 4C  and 4D ). CuZn-SOD reactivity of bronchial epithelial cells showed a less marked increase in rats exposed to crystalline silica compared to the control rat lungs ( Fig.  4E and 4F ). (Fig. 5 ) At 3 d after instillation, inflammatory changes were not obvious in lungs exposed to crystalline silica. At 6 months, accumulation of inflammatory cells such as macrophages and neutrophils and deposition of collagen had increased according to time course in crystalline silica exposed rat lungs. Type II epithelial cell hypertrophy and hyperplasia and alveolar lipoproteinosis were also prominently observed.
HE staining of lung tissue
Discussion
Two milligrams of crystalline silica were used as the maximum exposure dose in the present study. Our previous reports from long-term inhalation study showed that this dose was close to the maximum amount of dust deposition in the lungs regardless of any particles 10) . Potter et al. 11) reported that lung burden increased progressively in rat lungs exposed to crystalline silica (15 mg/m 3 , 6 h/d, 5 d/wk) from the start of exposure and that a lung burden of 2 mg of silica was equivalent to the dose of silica that would result from approximately 30 d of inhalation. In this experiment, granulomatous formations including silica were not observed 12) . The expression of EC-SOD was increased not only at the mRNA level but also at the protein level. Bowler et al. 13) reported that both the EC-SOD mRNA level and the EC-SOD protein level increased in a mouse model instilled with bleomycin; however, the expression of EC-SOD in mRNA levels was observed in the early stages whereas its expression in protein levels accelerated in the later stages. Although the pattern differed, the divergence of EC-SOD expression was also observed in the bleomycin exposure model. In our study, divergence is thought to have been caused either by control of translation into proteins or control of protein disintegration. There are reports 14, 15) on the divergence of expression for other genes caused by exposure to silica. Williams et al. 14) found that the mRNA levels of TGF accelerated in epithelial cell lines exposed to silica while protein levels did not. While accelerated expression was found in proinflammatory cytokine and chemokine mRNA levels in pulmonary macrophages exposed to silica, no acceleration was found in accompanying protein levels. As for protein disintegration, it has been reported 16) that silica induced degradation of the nuclear protein polymerase. We surmise, however, that in the later stages, this divergence pattern reversed and the translation or protein disintegration control changed. In the later stages, pathological inflammation had advanced and genes with altered expression were present and we think that this affected their controls. Immunohistochemical analysis of EC-SOD showed strong staining in macrophage and epithelial cells of rat lungs exposed to silica. As indicated previously 17) , airway epithelial cells and alveolar type II cells are the major cell types that synthesize EC-SOD in the lung. As these cells were the major EC-SOD-positive cells in our experiment, inflammatory cells may phagocytize EC-SOD protein in the alveolar spaces or control overproduction of radicals by themselves.
Rat lungs exposed to silica showed significant Mn-SOD induction in both mRNA and protein, peaking at 30 d after exposure. The induction of Mn-SOD is consistent with previous findings in mouse lungs after inhalation of silica and in patients with sarcoidosis and extrinsic allergic alveolitis [20] [21] [22] . The positive cells for Mn-SOD were seen in alveolar macrophages and epithelial cells in the lungs in our experiment. Holley et al. 20) reported that Mn-SOD was located predominantly in the mitochondria of type II epithelial cells and in some alveolar macrophages of lungs exposed to asbestos or silica. Unlike EC-SOD and Mn-SOD, an interesting feature in rat lungs exposed to silica is that CuZn-SOD mRNA levels decreased in the acute phase in this animal model. Some investigators showed lowered expression of CuZn-SOD in rat lungs exposed to ozone and inhaled cristobalite and in the epithelium of asthmatic patients [27] [28] [29] , and reported that expression of CuZn-SOD was different from Mn-SOD. In our measurements, the main cells that produced CuZn-SOD were the alveolar and bronchial epithelial cells. We, therefore, infer that injuries to alveolar and bronchial epithelial cells might play a role in the decreased expression of CuZn-SOD. Alveolar and bronchial injury, which are the first manifestations of pulmonary fibrosis, were found as desquamation and hyperplasia of epithelial cells in our experiments. It is not known what caused the discrepancy between the expression of protein and the expression of CuZn-SOD mRNA. In terms of their role in the pathological condition, however, protein levels are considered to be more important than mRNA levels in the expression of genes. Therefore, it is thought that CuZn-SOD gene expression decreases in the chronic stage in the case of lung injury caused by silica.
In summary, we examined the expression of three kinds of SOD isozymes in rat lungs intratracheally exposed to crystalline silica. Crystalline silica induced increases in the levels of EC-SOD and Mn-SOD mRNA and protein, and resulted in a decrease in the levels of CuZn-SOD. These data suggest that these SOD isozymes may play different roles in lung injuries induced by crystalline silica.
